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Glioblastoma multiforme is the most common malignant brain tumor in adults, with an average survival of 
less than one year due to its resistance to therapy. Recent studies reported that GBM initiates from 
CD133-expressing cancer stem cells (CSC). However, the efficacy of CSC targeting is limited. A newly 
developed approach in cancer treatment is the forced differentiation of cancer cells. Here, we show that the 
treatment of the novel small molecule, CG500354, into CD133-expressing human primary GBM cells 
induces growth arrest by cell cycle regulators, p53, p21, p27 and phase-specific cyclins, and neural 
differentiation, as confirmed by neural progenitor/precursor markers, nestin, GFAP and Tujl. When 
GBM-derived cells caused the tumors in NOD/SCID mice, CG500354 induced GBM-derived cells 
differentiation into Tujl and GFAP expressing cells. We next demonstrated that CG500354 plays a 
tumor-suppressive role via cAMP/CREB signaling pathway. CG500354 increases not only the extracellular 
cAMP level but also the protein level of PKA and CREB. Additionally, both mimetic substances, Forskolin 
and Rolipram, revealed comparable results with CG500354. Our findings indicate that induction of growth 
arrest and neural differentiation via cAMP/CREB signaling pathway by CG500354 treatment suggests the 
novel targeting of PDE4D in the development of new drugs for brain tumor therapy. 



GBM is the most common lethal primary brain tumor in adults, with a median survival of less than 12 
months due to its radioresistance and chemoresistance 1 " 3 . It has recently been accepted that undiffer- 
entiated tumor cells, called CSCs, in various tissues play a pivotal role in the initiation and progression of 
cancers 4 . CSCs comprise only a small portion of the tumor, and each single cell can give rise to a new tumor. 
Regarding the biological properties of CSCs, recent evidence has emerged that CSCs are similar to tissue-specific 
stem cells with respect to self- renewal and multi-lineage differentiation capacity, but they differ in their long-term 
proliferative potential. This uncontrolled renewal potential of CSCs might be the reason for tumor relapse after 
conventional cancer therapy. 

Like tissue-specific stem cells, there are no universal biomarkers for CSCs. Nonetheless, the cell surface marker 
CD133 has been frequently applied for the identification of tissue-specific stem cells. Over many years, the 
expression of CD133 has been detected in various stem/progenitor cells, particularly in cells of the human neural 
systems, including the fetal brain, the post-mortem retina and embryonic stem cell-derived neural progenitors 5 " 7 . 
Additionally, CD133 has been most frequently used as a putative biomarker of CSCs in brain tumors 8 . Recent 
studies have suggested that a GBM subpopulation expresses CD133 and is enriched for CSCs 1,9 " 11 . This sub- 
population shows an increased tumorigenic potential than subpopulations that are devoid of CD133 express- 
ion 12-15 . Moreover, a reliable study demonstrated that the CSC population could be targeted in GBM therapy 16 . 
There have been many attempts to develop targeted therapies of tumorigenic cell populations, but an effective 
therapy has not yet been achieved. 

Apart from eradication the CSC population, the limitation of tumor growth, which can be realized by forcing 
the tumor cells to differentiate, is a new concept in the search for alternative cancer therapies. Piccirillo and 
colleagues have demonstrated that bone morphogenetic protein 4 (BMP4) induces the neural differentiation of 
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human GBM-derived cells. They showed that BMP4 exerts growth 
inhibitory effects on CD133-expressing GBM-derived cells in vitro 
and that BMP4 treatment hinders tumorigenicity in vivo 17 . Other 
studies have demonstrated that a combination of retinoic acid and 
arsenic trioxide strongly promotes the terminal differentiation of 
leukemic cells and that cAMP is involved in the depletion of the 
leukemic CSCs using both drugs 18 20 . Although multiple drugs were 
found to affect the phenotype of the tumor mass, the efficacy of these 
drugs was limited and did not affect the tumor- initiating cells. 

A few studies have investigated whether phosphodiesterase 4 
(PDE4) plays a crucial role in tumor suppression 21 " 23 . As it is well 
known that PDE4 reduces the level of cAMP within cells, PDE4 
inhibitors have been frequently applied to promote cAMP/CREB 
signaling pathway. The cAMP/CREB signaling pathway is involved 
in many biological functions and appears to play a role in differenti- 
ation 24,25 . Furthermore, cAMP/CREB signaling pathway can induce 
the differentiation of human cancer cells and mesenchymal stem 
cells 26 " 28 . In tumor biology, it has been demonstrated that genes 
related to the cAMP/CREB signaling pathway act as oncogenes or 
oncogene suppressors 29 " 33 . Rolipram, a specific PDE4 inhibitor, is 
commonly known as a memory enhancer 34,35 due to its role in 
increasing the level of cAMP and the phosphorylation of CREB 36,37 . 
Rolipram was recently used in a GBM study, owing to its promoting 
cAMP signal transduction 38 . The Forskolin-induced increase of 
cAMP could leads to up-regulation of gap junctional intercellular 
communication, which is usually inhibited in cancer cells, and to 
neuronal differentiation of SVG cells 39 . Although recent reports have 
indicated the significant role of cAMP/CREB signaling pathway in 
the differentiation of cancer cells, the cellular mechanism by which 
cAMP and CREB force the differentiation process remains to be 
unveiled. 

The relationship between tumor suppression and neural differ- 
entiation in GBM has been reported in several studies, however the 
tumor-suppressive effects of PDE4D inhibitors have rarely been 
studied. There are four PDE4 subfamilies (A to D), which are com- 
prised of more than 20 different isoforms 38 that regulate the cellular 
cAMP level through their hydrolytic activity 40,41 . It is now clearly 
known yet the variants of PDE4 and used for an anti-cancer effect 
out of more than 20 PDE variants. However, CG500354, which tar- 
gets the specific variant PDE4D, may provide a closer step in solving 
the therapeutic issues of aggressive glioblastoma. 

In this work, we suggest that the novel small molecule, CG500354, 
plays a tumor-suppressive role in human GBM by the increased 
expression of p53, which subsequently induces GBM growth arrest. 
We determined that CG500354 forces the neural differentiation of 
GBM-derived cells by regulating cAMP/CREB signaling pathway. In 
particular, we demonstrated that the tumor suppressors, Rolipram 
and Forskolin, are both involved in cAMP/CREB signaling pathway 
and can induce the differentiation of GBM-derived cells. Thus, our 
data reveal the anti-cancer effects of the novel small molecule 
CG500354 and its specific mechanism by which this molecule 
increases p53 expression and cAMP/CREB activity. 

Results 

CG500354 rapidly induces differentiation in human primary 
GBM-derived neurospheres without producing cytotoxic effects. 

We first determined the effects of a novel small molecule, CG500354, 
on the oncogenic phenotype of human primary GBM-derived cells. 
CG500354 has been designed, synthesized and evaluated by 
CrystalGenomics, Inc. using its structure-based drug discovery 
platform which employs the integrated technologies of the SPS™ 
(Soluble Protein Solution), technology for obtaining soluble forms 
of disease related proteins that are usually insoluble when over- 
expressed in heterologous systems, SCP™ (Structural Chemo 
Proteomics), technology for rapidly generating novel leads using 
the 3-D structure information of the target proteins, and SDF™ 



(Structural-based Drug Factory), technology to optimize novel 
leads to drug candidate compounds using the 3-D structure 
information of the complexes of target proteins and inhibitors. The 
synthetic compound, CG500354, is an inhibitor of cAMP-specific 
3',5'-cyclic phosphodiesterase 4D (PDE4D), which plays a role in 
cAMP homeostasis by hydrolyzing the second messenger cAMP 
(Fig. 1A). Human primary cells from three different GBM origins, 
GBM559, GBM592 and GBM626, were grown as neurospheres 
under non-adherent culture conditions (Fig. IB). A very small 
portion of human GBM expresses CD133, which is a typical 
marker of neural stem cells. It is known that this fraction plays an 
important role in the proliferation and survival of GBM. To classify 
our GBM sample, we separated the CD133 population from the 
GBM-derived cells using magnetic-activated cell sorting (MACS). 
Then, we performed flow cytometry to detect the CD133-positive 
GBM-derived cells and identified the present of CD133-expressing 
subpopulation (Fig. 1C). The GBM-derived cells were able to form a 
glioblastoma in a xenograft mouse model. This brain tumor showed 
two typical histopathological features of GBM: pseudopalisading 
necrosis and endothelial proliferation (Fig. ID). 

To identify the effects of CG500354, we cultured GBM-derived 
neurospheres in non-adherent culture conditions and performed a 
clonogenic assay after 72 hours of treatment with CG500354 or 
dimethyl sulfoxide (DMSO) as a vehicle control. In clonogenic assay, 
the CG500354-treated neurospheres exhibited the decreased size in 
contrast to the DMSO-treated neurospheres (Fig. IE). While we 
seeded neurospheres on the PLO/FN-coated dishes for immunocy- 
tochemistry, we could observed that most CG500354-treated neuro- 
spheres turn into adherent and differentiated state, but many 
DMSO-treated neurospheres still remain as a sphere (Fig. IF). 
However, in viability assay, number of GBM cells was not promi- 
nently changed in response to CG500354 (Fig. 1G). These results 
suggest that the small molecule, CG500354, induces a dramatic 
change in the morphology of human GBM-derived neurospheres 
without cellular cytotoxicity. 

CG500354 attenuates the clonogenic potential of GBM-derived 
cell populations via up-regulation of p53. To determine the 
inhibitory effects of CG500354 on the growth of human primary 
GBM-derived neurospheres, we performed a cell cycle analysis. In 
the presence of CG500354, the Gl fraction of the total neurosphere 
cells was increased from 73.6% to 83.3%, whereas cells were not 
found in the G2 fraction (Fig. 2A). As additional evidence of the 
cell cycle arrest, we performed a quantitative RT-PCR analysis. 
Cell cycle regulators compose a complex regulatory system and 
include cyclins and cyclin-dependent kinases (Cdks). Cdks are 
inactivated unless bound to phase-specific cyclins. Here, we 
assessed the expression of cyclin Al for S phase, cyclin Bl for M 
phase and cyclin Dl and D3 for Gl phase. The mRNA levels of these 
four cyclins were significantly decreased in the presence of 
CG500354 (Fig. 2B). We further analyzed the gene expression level 
of two Cdk inhibitor proteins, p2 1 and p27, and found that both were 
significantly up-regulated (1.95-fold and 1.35-fold, respectively) in 
CG500354-treated GBM-derived neurospheres (Fig. 2C). These 
results indicate that CG500354 induces growth arrest in GBM- 
derived neurospheres by inhibiting cell cycle regulators. 

The tumor suppressor protein p53 is a transcription factor that has 
crucial effects on cell cycle arrest, DNA repair, apoptosis, senescence 
and angiogenesis 42,43 . Thus, we analyzed p53 and its pro-apoptotic 
targets following CG500354 treatment. In our results, CG500354 
treatment with 1 uM and 3 uM increased the protein expression 
level of p53 in the GBM-derived neurospheres (Fig. 2D). In immu- 
nocytochemistry, CG500354 treatment increased the number of 
p53-expressing cells from 55.2% to 86.3% by 1 uM CG500354 and 
to 93.1% by 3 uM CG500354 (Fig. 2E-F). Western blot analysis 
shows increased expression level of pro-apoptotic targets, BAK and 
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Figure 1 | Characterization of human primary GBM-derived cells. (A) Chemical structure of the small molecule CG500354. (B) Representative phase- 
contrast image of GBM-derived spheres in non-adherent culture conditions. Scale bar = 1 mm. (C) The GBM-derived cells were characterized by flow 
cytometry after sorting the CD133-positive cell population using magnetic-activated cell sorting. (D) A glioblastoma (left) from the GBM-derived cells in 
a xenograft mouse model has been characterized with pseudopalisading necrosis (middle) and endothelial proliferation (right) after hematoxylin and 
eosin staining. Scale bar = 400 (im. (E) CG500354 significantly reduced the number of spheres after 72 hours of exposure in a clonogenic assay. 
(F) Representative phase-contrast images of GBM-derived cells treated with DMSO or CG500354. Scale bar = 1 mm. (G) A trypan blue exclusion test was 
performed to calculate the number of viable cells compared to the total cell number in the GBM-derived cell population after 72 hours of treatment with 
CG500354 (3 uM) or DMSO. DMSO was used as a vehicle control. 



BAX (Suppl. Fig. SI). These data demonstrated that the growth arrest 
was triggered by p53 and its downstream targets, such as p21, p27 
and pro-apoptotic targets, whereas the forced neural differentiation 
was induced by cAMP/CREB signaling pathway. 

CG500354 induces the neural differentiation of GBM-derived 
cells. To identify the effects of CG500354 on the neural differentia- 
tion of human primary GBM-derived cells, 2 X 10 4 cells were seeded 
in 24-well plates containing PLO/FN-coated coverslips and treated 
with CG500354 at a concentration of 1 uM or 3 uM. We subse- 
quently examined the expression of the neural progenitor cell 
marker nestin, the neuronal marker Tujl and the astrocyte marker 
GFAP in the GBM-derived cells after CG500354 treatment. After 72 
hours, the cells exhibited the neuronal morphology and were 
immunocytochemically stained (Fig. 3A). In the vehicle control, 
92.4% of the cells expressed nestin, and this percentage was 
significantly reduced to 20.3% after 3 uM CG500354 treatment, 
whereas 1 uM CG500354 did not affect nestin expression 
(Fig. 3B). Analysis of nestin expression at the mRNA level showed 
identical results (Fig. 3C). In opposition to nestin, the number of 
GFAP- and Tujl -expressing cells was significantly increased upon 
CG500354 treatment. In comparison to the vehicle control, the cell 
numbers rose up to 6-fold in GFAP and 5-fold in Tujl with 3 uM 
CG500354 (21.4% and 79.6%, respectively). In addition, western blot 
analysis showed similar expressing pattern of GFAP and Tuj 1 with 
immunocytochemistry (Fig. 3D). We observed that the neural 



progenitor/precursor marker expression was changed in a dose- 
dependent manner. From the above, the concentration of 3 uM 
CG500354 was most efficient in the neural differentiation of 
human GBM-derived cells. Altogether, these results indicate that 
CG500354 induces the neural differentiation with GFAP and Tujl 
up-regulations. 

Activation of the cAMP/CREB signaling pathway by using 
CG500354 leads to growth arrest in GBM-derived cells. As previ- 
ously described, CG500354 is an inhibitor of PDE4D, which regulates 
the cAMP signaling. In the cAMP/CREB signaling pathway, the 
accumulation of cAMP induces the diffusion of a subunit of cAMP- 
dependent phosphorylated protein kinase A (PKA) into the nucleus 
and activates cAMP response element-binding protein (CREB). In 
several studies, CREB is described to stimulate the differentiation of 
human cancer cells and mesenchymal stem cells 26 28 . Here, we 
examined the CG500354-mediated activation of the cAMP/CREB 
signaling pathway. After CG500354 treatment, the supernatants 
from the cell culture of GBM cells were harvested and measured the 
secreted cAMP concentration. These measurements revealed an 
approximately 4.5-fold increase in the level of cAMP secretion in 
the CG500354-treated GBM-derived cells compared to the control 
cells (Fig. 4A). We then performed western blot analysis of the 
major downstream targets PKA and CREB to verify the activation 
of the cAMP signaling pathway. CG500354 treatment effectively 
increased the expression of both phosphorylated PKA and CREB, 
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Figure 2 | Growth arrest of human GBM via CG500354-mediated p53 overexpression. (A) Cell cycle analysis shows that the percent of cells in Gl phase 
was increased after CG500354 treatment. (B-C) Quantitative RT-PCR analysis shows that the cell cycle regulators cyclin Al, Bl, Dl and D3 were 
significantly down-regulated and that the Cdks p2 1 and p27 were significantly up-regulated in the presence of CG500354. (D) Western blot analysis shows 
that p53 expression was increased by treating the cells with 1 uM or 3 |iM CG500354. The full-length blots are included in the supplementary information 
(Suppl. Fig. S5). (E-F) GBM-derived cells treated with CG500354 were stained with a p53 antibody. The number of p53-expressing cells (green) were 
significantly increased after CG500354 treatment at both concentrations (1 jiM and 3 uM). Nuclei (blue) were counterstained with DAPI. Scale bar = 
0.5 mm. 



and this up-regulation was detected from both CG500354 doses 
(Fig. 4B). 

To compare the potential of CG500354 in GBM with two known 
mimetic substances, we treated GBM-derived cells with the cAMP 
regulator Forskolin and the PDE4 inhibitor Rolipram. Then, we 
confirmed both mimetic substances increased the level of phos- 
phorylated CREB as CG500354 (Fig. 4C). Quantification of the west- 
ern blot analysis showed that the levels of phosphorylated CREB in 
the Forskolin-treated cells were approximately 11 -fold higher than 
that in the control cells, but not as much as CG500354. In addition, 
we performed the direct suppression of PDE4D expression using a 
siRNA, targeting the PDE4D gene (si-PDE4D). This si-PDE4D 
reduced 73.6% of the PDE4D expression and increased the level of 
phosphorylated CREB in the human primary GBM-derived cells as 
expected (Suppl. Fig. S2 and Fig. 4C). 

To explore whether these two mimetic substances can also 
induce growth arrest like CG500354, we treated GBM-derived 



cells with CG500354, Forskolin or Rolipram for 72 hours, and 
the treated GBM-derived cells were analyzed using immunocyto- 
chemistry (Fig. 4E-F). Similar to the CG500354-treated cells, the 
Forskolin- and Rolipram-treated cells showed significant increases 
in p53 protein expression. The percentages of p53-expressing cells 
in both of the groups treated with mimetic substances were as 
high as that observed in the group treated with CG500354. 
Moreover, treatment with Forskolin and Rolipram induced the 
gene expression of the p53 downstream targets p21 and p27 
(Fig. 4D). The Rolipram significantly increased the expression of 
both p21 and p27, which inhibit cell cycle progression. Therefore, 
CG500354 and its mimetic substances Forskolin and Rolipram are 
able to induce growth arrest in GBM-derived cells. From the 
analyses of cAMP signaling and cell cycle regulators, we con- 
cluded that CG500354 appeared more effective than both mimetic 
substances and it takes a novel therapeutic potential to handle the 
GBM growth arrest. 
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Figure 3 | Neural differentiation of human GBM upon CG500354 treatment. (A-B) Representative immunochemical images of primary GBM-derived 
cells show that CG500354 treatment decreased the number of nestin-positive neural progenitor cells and increased the number of GFAP- and Tujl- 
positive neural subtypes. The effect of CG500354 on the neural differentiation of GBM was more effective with 3 uM than 1 uM CG500354. Nuclei (blue) 
were counterstained with DAPI. Scale bar = 0.5 mm. (C) Quantitative RT-PCR analysis shows that the relative expression level of nestin was significantly 
reduced by 3 uM CG500354. (D) Western blot analysis shows that the expression of the GFAP and Tujl proteins was up-regulated by CG500354 
treatment. The full-length blots are included in the supplementary information (Suppl. Fig. S6). 



Mimetic substances, including si-PDE4D, mimic the effect of 
CG500354 on the neural differentiation of GBM-derived cells. 

We next investigated the effect of these mimetic substances on the 
neural differentiation in human primary GBM-derived cells. After 
Forskolin and Rolipram treatment, the neural differentiation 
markers GFAP and Tujl showed the up-regulation in the western 
blot analysis (Fig. 5A). We further performed the immunocytoche- 
mistry to analyze the nestin, GFAP and Tuj 1 expressions (Fig. 5B-C) . 
Similar to CG500354, Forskolin- and Rolipram -treatment cells were 
detected 8 to 10-fold more GFAP-expressing cells and 5-fold more 
Tujl -expressing cells in comparison to the vehicle control. Unlike 
CG500354, the number of nestin-expressing cells did not change 
after treatments of two mimetic substances. These results suggest 
that Forskolin and Rolipram induce the differentiation of GBM- 
derived cells but do not deplete the cell population remaining in 
the neural progenitor state. 

To further investigate the neural differentiation phenomena 
induced by CG500354, we performed gene silencing of PED4D using 
siRNA and it induced the overexpression of GFAP and Tuj 1 in the 
GBM-derived cells as expected. The protein expression levels of 
GFAP and Tujl were significantly up-regulated in the si-PDE4D- 
transfected GBM-derived cells (Fig. 5D). Moreover, the immuno- 
cytochemical analysis showed that the decease of nestin-expression 



and increase of GFAP- and Tujl -expression (Fig. 5E-F). Both our 
immunocytochemistry and western blot analyses revealed that si- 
PDE4D affects the expression of neural differentiation markers sim- 
ilar to CG500354. From the above, we could indicate that novel 
CG500354 have shown higher potential in cell cycle regulation than 
Rolipram while activating cAMP signaling pathway as Forskolin. 
Therefore, our data on the mimetic substances and si-PDE4D pro- 
vide direct evidence that CG500354 works as a multi-controller that 
induces neural differentiation and growth arrest in human primary 
GBM-derived cells. 

In vivo neural differentiation of GBM-derived cells is induced by 
CG500354 treatment. To validate the in vivo effects of CG500354, 
we performed subcutaneous xenotransplantation of GBM-derived 
cells into NOD/SCID mice. After GBM tumor formation, we 
treated mice with CG500354 or DMSO via intraperitoneal injec- 
tion for 10 days. Then, we sacrificed the mice and isolated GBM 
tumors from the host for hematoxylin and eosin staining (Fig. 6A). 
These GBM tumors were characterized with pseudopalisading 
necrosis, endothelial proliferation and irregular nuclear contours. 
Most part of the tumor showed a small nuclear size and 29.1% of 
this part appeared to be Tujl-positive (Fig. 6B). But, the other part of 
the tumor showed a large nuclear size and 1 1 .4% of this part appeared 
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Figure 4 | Stimulation of cAMP/CREB signaling pathway by CG500354 and mimetic substances. (A) Measurement of the extracellular cAMP level was 
performed with a Cyclic AMP EIA Kit. The supernatant from the CG500354-treated GBM cells showed a significantly higher level of cAMP than that 
from the DMSO-treated GBM cells. (B) Western blot analysis shows that the expression of phosphorylated PKA and CREB was strongly induced by 
CG500354 treatment. The full-length blots are included in the supplementary information (Suppl. Fig. S7). (C) Both mimetic substances (Forskolin and 
Rolipram) and si-PDE4D also increased the expression of phosphorylated CREB. The full-length blots are included in the supplementary information 
(Suppl. Fig. S8). (D) Quantitative RT-PCR analysis reveals that both mimetic substances induced p21 expression and only Rolipram also increased 
p27 expression. (E-F) GBM-derived cells treated with CG500354, Forskolin or Rolipram were stained with a p53 antibody. The numbers of p53- 
expressing cells (green) in the three groups were all equivalently high. Nuclei (blue) were counterstained with DAPI. Scale bar = 0.5 mm. 



to be GFAP-positive by immunohistochemistry (Fig. 6C). These 
results indicated that approximately 40% of the GBM tumor was 
induced to differentiate into neural subtypes by treating CG500354, 
a novel small molecule. 

Discussion 

In this study, we investigated the dual effects of CG500354 as a 
PDE4D inhibitor on human primary GBM. First, we showed that 
CG500354 induces growth arrest and attenuates sternness in GBM- 
derived cells. In human GBM cells, this small molecule regulates the 
expression of the tumor suppressor p53 and its downstream target 
p21 as well as p27. The increased expression of both Cdk inhibitors 
led to the decreased expression of a number of phase-specific cyclins 
and a reduction in the clonogenic potential of the GBM-derived cells. 
Second, CG500354 accelerated the neural differentiation, which were 
expressed Tuj-1 and GFAP of GBM-derived cells. Our findings sug- 
gest that the cAMP/CREB signaling pathway is involved in this 
neural differentiation via the phosphorylation of PKA and CREB 
following the CG500354-mediated up-regulation of cAMP. 

In the preliminary study, we have done all experiments with three 
different GBM origins, including GBM559, GBM592 and GBM626, 



to analyze CG500354 effects. Those three GBM origin-derived cell 
types have shown similar results. Coincidently, a quantitative RT- 
PCR analysis showed reduced gene expressions of SOX2 and nestin 
and an increased gene expression of p53 in GBM559-, GBM592- and 
GBM626-derived cells (Suppl. Fig. S3). We have representatively 
shown the results of GBM559 in this study. 

Recent studies have demonstrated that the regulation of GBM 
CSCs is approached from inhibition of the DNA-damage checkpoint 
kinases CHK1 and CHK2 using small molecules 1 . Using this strategy 
indicated an improved radiotherapy for GBM CSCs. Another 
alternative strategy of GBM treatment is the induction of a differ- 
entiated state of CSCs. A reliable report has demonstrated that GBM 
CSCs could be differentiated into endothelial cells, which could sup- 
press the vasculature development 44 . However, the tumor-derived 
endothelial cells exist at a small portion in GBM tumor mass and 
its clinical relevance is questionable 45 . Zheng and colleagues demon- 
strated that the p53 together with PTEN could regulate the Myc 
expression in human primary GBM 46 . These GBM-derived cells after 
Myc suppression induced the down-regulation of nestin expression 
while it differentiate into Tujl- and GFAP-expressing neural cell 
types. In this study, we assessed the GBM cell population that 
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Figure 5 | Neural differentiation of human GBM with mimetic substances and si-PDE4D. (A), (D) Western blot analysis shows that the expression of 
the neural subtype markers GFAP and Tuj 1 was upregulated upon Forskolin, Rolipram and si-PDE4D. The full-length blots are included in the 
supplementary information (Suppl. Fig. S9-S10). (B-C), (E-F) Representative immunochemical images of primary GBM-derived cells reveal that 
Forskolin, Rolipram and si-PDE4D induced an increase in the number of the GFAP- and Tuj 1 -positive cells. Upon Forskolin or Rolipram treatment, the 
nestin-expressing cell population did not decrease (B), whereas this population was reduced by si-PDE4D as expected (E). Nuclei (blue) were 
counterstained with DAPI. Scale bar = 0.5 mm. 



remained in the neural progenitor state, in which the nestin-expres- 
sing GBM CSCs reside. Interestingly, this cell population was dimin- 
ished by CG500354 treatment but was not altered by treatment with 
mimetic substances (Fig. 3B and Fig. 5B). These results show that 
CG500354 plays a better role in human primary GBM and functions 
even better than Forskolin and Rolipram with respect to its potential 
an ti- cancer effects. 

From our findings on the mechanism of action of CG500354, we 
argue that p53 is implicated in the phenotype changes of the GBM- 
derived cells. Several studies have commonly identified mutations of 
tumor suppressor genes, such as p53, PTEN and RB, in brain 
tumor 47,48 . As shown in Figures 2F and 3B, we determined that the 
level of p53 expression was significantly increased after CG500354 



treatment and was followed by differentiation into neural subtypes. 
We used QIAGEN's Ingenuity Pathway Analysis (IP A, QIAGEN 
Redwood City, www.qiagen.com/ingenuity) software to analyze 
molecular interactions between PDE4D and p53 (Suppl. Fig. S4). 
Based on IP A, representative regulatory networks were constructed 
that PDE4D directly activates PKA and cAMP and indirectly acti- 
vates p2 1 and p27 as well as p53. Another reason for the dual effects of 
CG500354 is that the PDE4D inhibitor CG500354 could affect the 
cAMP/CREB signaling pathway, which is widely known as a signal- 
dependent gene regulatory pathway that is involved in many 
biological functions, including the cell cycle, cell survival and cell 
differentiation 24,25 . In the cAMP-dependent signal transduction 
pathway, PDE4D plays a suppressive role, as it causes a decrease in 
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Figure 6 | In vivo neural differentiation of human primary GBM-derived cells after xenotransplantation. (A) After GBM tumor formation, tumors were 
isolated and stained with hematoxylin and eosin. A composited image (second from left) reveals an entire section of a tumor and two high-resolution 
images indicates pseudopalisading necrosis (second from right) and endothelial proliferation (right). (B-C) Representative immunochemical images 
of brain sections from GBM-derived tumors show that the cells inside of the tumors were forced to differentiate into Tujl- and GFAP-expressing 
neural subtypes. (D) Schematic diagram of the mechanism of CG500354-triggered cAMP/CREB signaling pathway. Likewise, both of the mimetic 
substances Forskolin and Rolipram are involved in this signal transduction pathway. 



the level of cAMP. In a recent report on the role of cAMP, PDE4 was 
indicated as the most important target for the induction of apoptosis 
and differentiation in leukemia cells 49,50 . In another study, PDE4D 
was demonstrated to be abundantly expressed in glioblastoma cells 
and its inhibitor Rolipram was found to induce tumor regression 21 . 
Likewise, our data in Figure 4 reveals that CG500354, Forskolin and 
Rolipram could regulate the level of cAMP and its downstream target 
CREB. Together with data described above, our results indicate that 
CG500354 up-regulates the cAMP/CREB signaling pathway activity 
and induces the differentiation of human primary GBM. 



In conclusion, we have shown that the protein level of p53 and the 
extracellular level of cAMP are significantly increased upon 
CG500354 treatment. We further indicated that CG500354 can alter 
the phenotypes of human primary GBM cells from an oncogenic 
state into a less oncogenic and more differentiated state. During these 
tumor-suppressive events, p21- and p27-mediated growth arrest and 
CREB-mediated neural differentiation also occurred. Moreover, the 
effects of CG500354 on the neural differentiation of the cells were 
more significant with respect to its reduction of the nestin-expressing 
population than the mimetic substances Forskolin and Rolipram. 
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Therefore, the novel small molecule CG500354, which targets 
PDE4D, might be important in the development of new drugs for 
human GBM. 

Methods 

Isolation of primary GBM cells. Following informed consent and in accordance with 
the appropriate institutional review boards, GBM was obtained from a patient 
undergoing surgery at the Samsung Medical Center (Seoul, Republic of Korea). 
Tumors were classified as GBM based on WHO criteria by examination of 
pathologists 51 . Within one hour of surgical resection, the tumor mass was 
mechanically and enzymatically dissociated into single cells. GBM was briefly 
maintained in NBE neurosphere culture medium: Neurobasal-A medium 
(Invitrogen, Carlsbad, CA, USA) supplemented with recombinant human basic 
fibroblast and epidermal growth factors (50 ng/ml each; Invitrogen), N2 and B27 
supplements (Invitrogen), 2 raM glutamine (Invitrogen), 100 units/ml penicillin and 
100 mg/ml streptomycin (Invitrogen). We used human primary cells from three 
different GBM origins: GBM559, GBM592 and GBM626. 

Chemicals. CG500354 (Patent No. 61/470884) was provided by Crystal Genomics, 
Inc. (Seongnam, Republic of Korea). Rolipram (C 16 H 2 iN0 3 ; 4-[3-(cyclopentyloxy)- 
4-methoxyphenyl]-2-pyrroli-dinone) and Forskolin (C22H34O7; 7|3-acetoxy-8,13- 
epoxy-la,6p,9a-trihydroxylabd-14-en-ll-one) were purchased from Sigma Aldrich 
(Saint Louis, MO, USA). For the cell treatments, Rolipram and Forskolin were used at 
a concentration of 10 uM. 

Clonogenic assays. Dissociated sphere cells (5 X 10 5 ) were cultured in ultra-low 
attachment dishes. The cells were treated with DMSO or CG500354 for 72 hours. The 
number of spheres with a diameter of > 100 um were counted randomly in triplicate 
cultures. 

Magnetic-activated cell sorting. To isolate the CD133-positive GBM-derived cells 
from the DMSO- or CG500354-treated cells, we resuspended the treated cells with 
300 ul/10 8 buffer (PBS with 0.5% FBS) and added 50 ul/10 8 of FcR Blocking Reagent 
and 50 ul/10 8 CD133 MicroBeads (#130-050-801, Miltenyi Biotec) for 30 minutes at 
6 °C to 12 °C. Then, we isolated CD133-positive cells using through Column and 
stained with anti-CD133/2-PE antibody (Miltenyi Biotec) to further analyze. 

Flow cytometry analysis. GBM-derived cells were treated with DMSO or CG500354 
for 72 hours and stained with an anti-CD 133/2-PE antibody (#130-090-853, Miltenyi 
Biotec, Bergisch Gladbach, Germany) for 30 minutes. The CD133-stained GBM- 
derived cells were analyzed with a FACSCalibur flow cytometer (Becton Dickinson). 

cAMP measurement. GBM cells were treated with DMSO or CG500354 (3 uM/ml) 
for 72 hours. The cAMP level was measured from the collected supernatants using a 
cyclic AMP EIA Kit (#581001, Cayman Chemical Company, Ann Arbor, MI, USA) 
according to the manufacturer's instructions. The cAMP values were calculated using 
a multifunction microplate reader (Tecan, San Jose, CA, USA). 

siRNA inhibition study. To specifically inhibit PDE4D expression, siRNA- mediated 
gene knockdown studies were performed using commercial siRNAs targeting the 
PDE4D transcript (ON Target plus SMART pool, Dharmacon, Lafayette, CO, USA) 
along with a non-targeting siRNA (#D-001810-01, ON Target plus SMART pool, 
Dharmacon). The siRNA transfections were performed according to the 
manufacturer's instructions. Briefly, the cells were seeded at a concentration of 
5 X 10 5 per well in 6-well plates. When the cells reached 60-70% confluence, a 
mixture of 50 nM siRNA and transfection reagent was added to the cell culture 
medium without antibiotics. The cells were incubated for 24 hours before evaluating 
mRNA expression by RT-PCR analysis or for 48 hours before evaluating protein 
expression by western blot analysis. 

Quantitative real-time PCR (qRT-PCR). The relative gene expression levels were 
calculated using the 2~ AACt method after normalization to the endogenous expression 
level of GAPDH. All the primers used in this study are listed in Supplemental Table 
SI. 

Western blot analysis. For western blot analysis, the following primary antibodies 
were used: mouse monoclonal anti-GFAP (ab4648; Abeam, Cambridge, UK), mouse 
monoclonal anti-Tujl (MMS435; Covance, Princeton, NJ, USA), mouse monoclonal 
anti-P53 (2524; Cell Signaling Technology Inc., Boston, MA, USA), rabbit 
monoclonal anti-p-CREB (9198; Cell Signaling Technology Inc.), rabbit monoclonal 
anti-p-PKA (5661; Cell Signaling Technology Inc.) and mouse monoclonal anti- 
GAPDH (MAB374; Millipore, Billerica, MA, USA). 

Immunocytochemistry. The primaiy antibodies used for immunocytochemistry 
were: mouse monoclonal anti-nestin (MAB5326; Millipore), mouse monoclonal anti- 
GFAP (ab4648; Abeam), mouse monoclonal anti-Tujl (MAB1195; R&D Systems, 
Minneapolis, MN, USA) and mouse monoclonal anti-P53 (2524; Cell Signaling 
Technology Inc.). Both fluorescent secondary antibody conjugates, goat anti-mouse 
Alexa Fluor 488 (Invitrogen) and goat anti-rabbit Alexa Fluor 488 (Invitrogen), were 
used at a 1 : 1000 dilution. DAPI was used for counterstaining. The coverslips were 



mounted with fluorescent mounting solution (DAKO, Carpinteria, CA, USA) and 
observed by confocal microscopy (Eclipse TE200, Nikon, Japan). 

Animal experiments. NOD-SCID mice were purchased from Jackson Laboratories 
(Bar Harbor, ME, USA). All experiments were performed in accordance with the 
guidelines and regulation, which were approved by the Institute of Laboratory 
Animals Resources (SNU-101013-5, Seoul National University, Republic of Korea). 
Four-week-old female mice were subcutaneously injected with 1 X 10 7 GBM-derived 
cells, which were suspended in 0.1 ml PBS. When tumors appeared, the mice were 
randomly divided into two groups and treated daily with intraperitoneal injections of 
3 mg/kg CG500354 (n = 4) or DMSO as the vehicle control (n = 3) for 10 days. The 
mice were sacrificed, and the tumors were separated from the host for histological 
evaluation. 

Statistical analysis. All experiments were conducted at least in triplicate, and the 
results are expressed as the mean ± SD. The statistical analyses were conducted using 
analysis of variance (ANOVA) followed by a Duncan's multiple range test or 
Student's t-test. The following P values were considered significant: *, P < 0.05; 
**,P < 0.01; ***, P < 0.001. 
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